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Temperature and Pressure Dependence of the Optical Absorption
and Luminescence of a Defect in TlC1*
A. D. BRoTHKRS AND D. W. L j|'NCH
Institute for Atomic Research and Department of Physics, Iona State University, Ames, Iowa
(Received 12 January 1967)
The luminescence associated with an absorption band at about 3.0 eV in chalcogen-doped T1Cl has been
observed. The temperature and pressure coefFicients of the positions of the absorption and emission peaks
have been found to have "anomalous" negative signs. The temperature coeflicient of the absorption peak
is dominated by the eRect of thermal expansion, the band shifting toward the blue as the lattice expands.
The emission peak exhibits very little temperature dependence. Some arguments are presented in favor of
interpreting this band as an exciton band associated with an anion vacancy (a band) instead of an F band.
Lattice relaxation may cause the emission to occur at Cl2 molecule-ions near the vacancy.
I5'TRODUCTION
ECENTLV, Christy and Dimock' produced an
absorption band in TlCl thought to be due to P
centers. Although these centers could be produced only
by adding divalent anionic impurities, it was believed
that they were P centers in a perfect lattice when sulfur
was the dopant, while an Se ion may have been near
each Ii center when selenium was added. The peak.
position of the absorption band at room temperature is
3.03 eV in the former case and 2,95 eV in the latter. A
high concentration of these centers is thermally un-
stable at room temperature, some of the centers con-
verting to colloids at a rate which depends on which
impurity is used and which is enhanced by light.
Buimistrov' has calculated the binding energy of an
electron to a point charge in a material of large dielectric
constant, AgBr, and found the binding energy to be
very small, placing the predicted absorption band for
an P center far in the infrared, and making Ii centers
stable only at very low temperatures. Similar results
should be obtained for TlCl. There is some preliminary
evidence that Ii centers in AgCl have such properties. '
The absorption band attributed by Christy and
Dimock to Ii centers lies very close to the fundamental
absorption edge. It is well known that anion vacancies
and F centers in alkali halides cause bands to appear
near the fundamental absorption edge. ' These bands
are called the n and P bands, respectively, and arise
from the photoproduction of excitons near lattice
defects in the crystal. All of the observations and
arguments made by Christy and Dimock would be
valid. if the absorption band in their crystals were
such a band. However, if the results of Buimistrov's
calculation can be extended to T1Cl, one would not
expect the Ii band to remain un-ionized at Rnd above
liquid-nitrogen temperatures. Since the P band is known
*Work was performed at the Ames Laboratory of the U. S.
Atomic Energy Commission. Contribution No. 2020.
' R. W. Christy and J. D. Dimock, Phys. Rev. 141, 806 (1966).
V. M. Buimistrov, Fiz. Tverd. Tela 5, 3264 (1962) /English
transl. : Soviet Phys. —Solid State 5, 2387 (1963)j.
3 F. C. Brown (private communication}.
' C. Delbecq, P. Pringsheim, and P, Y'uster, J. Chem. Phys. I9,
574 (1951);20, 746 (1952).
to be associated with the F band, no P band should then
have been seen.
A more likely possibility is that the band is an 0,
band. Upon quenching from high temperatures, the
crystal could contain isolated chlorine vacancies and
divalent chalcogen ions, the former causing an 0, band.
If the solubility limit of the chalcogen is low, the
impurity would tend to precipitate, giving some sort of
colloid band, albeit one that might be expected to show
some dependence on the nature of the chalcogen ion
used. However, only the long wavelength tail of the
colloid band can be observed, and a conclusion about
this will be dificult to reach. A study of dielectric loss
in these crystals might yield some information on rates
of motion of chalcogen-vacancy complexes, hence, on
precipitation rates for various chalcogen impurities. We
feel there is no evidence in favor of attributing the
absorption band to impurities such as H, ' OH, ' or
BI' Rnd I
In a recent papers Christy and Dobbs report on
measurements of the thermoelectric power of TlC1.
They conclude that in sulfur-doped TlC1 free anion
vacancies and isolated S ions do not exist in appreci-
able concentration, and suggest that the defects in
such doped crystals are S ions and F centers as de-
scribed in Ref. 1. The absence of anion vacancies
precludes an o. band. We believe, however, that evidence
presented below still suggest that the 3.02 eV band in
chalcogen-doped TlCl results from the creation of
excitons near defects. One possibility is that the defects
are anion vacancy-(chalcogen) ' ion complexes. This
would be likely if dielectric-loss measurements detect
such complexes in reasonable concentrations. Another
possibility is that anion vacancies exist in concentrations
too small to affect the thermoelectrie power measure-
ments, but 1argc enough to yield Rn obscI'vRblc cg bRnd.
Christy and Dimockr report an oscillator strength of
about 0.25 for the 3.02-CV band in T1C1, assuming one
~ R. Hilsch and R. W. Pohl, Trans. Faraday Soc. 34, 883(1933).
' J. Rolfe, Phys. Rev. Letters 1, 56 (1958};H. W. Ktzel andD. Patterson, Phys. Rev. 112, 1112 (1958).
' H. Mshr, Phys. Rev. 125, 1510 (1962); 130, 2257 (1963).
'R. W. Christy and H. S. Dobbs, J. Chem. Phys. 46, 722(1967).
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FIG. 1. Luminescence spectrum under ultraviolet excitation of
TlCl doped with 2/10 ' mole jo Se.
center for each chalcogen ion in the crystal. The oscil-
lator strength for the o. band in alkali halides is esti-
mated to be 1 or more. If the oscillator strength for
an n band in TlCl is that large, or larger beca, use the
vacancy has 8 instead of 6 nearest neighbors, only one
chalcogen in 4 or 5 would have to introduce a free anion
vacancy in order to explain the magnitude of the absorp-
tion coeS.cient.
The absorption band under consideration sharpens
when thc temperature ls low'cI'cd Rnd thc pcRk shifts
to loner energies. This "anomalous" red shift may be
related to the red shift of the fundamental absorption
edge and of the two most prominent exciton peaks. '0 "
The interaction of the F-center electron, or an exciton,
with lattice vibrations may be unusual in T1Cl. To
study this interaction further we have examined
the luminescence associated with the absorption in
chalcogen-doped TlCl and have measured the pressure
shifts of the absorption and emission peaks.
EXPEMMENTAL
For luminescence a T1Cl crystal containing 2&10 '
mole % Se was quenched from 350'C, then promptly
cooled to liquid-helium temperature. The exciting light
was from a 1 k% mercury arc filtered through 5 cm
of 2% CuSO4 solution and a Corning 5—61 filter. Thus,
both light in the absorption band and light in the
fundamental absorption edge to 3.65 eV fell on the
crystal.
Figure 1 shows the luminescence spectrum. Thc
main peak at low temperatures is believed to bc the
' F. Seitz, Rev. Mod. Phys. 26, 7 (1954), Sec, 28.
"H. Zi g eb, Z. Physik 154, 495 (1959).
"Y. Okamoto, Nachr. Akad, Kiss. Goettingen, II. Math-
Physik Kl. 14, 275 (1956).
"I.Lefkowitz, R. P. Lowndes, and A. D. Jaffe, J. Phys. Chem.
Solids 26, 1171 (1965).
luminescence arising from the absorption band. The
peak is at 1.550+0.003 CV at low temperature and
shifts very slightly to higher energy as the crystal is
warmed. The emission peak energy shifts at a ra, te,
(BE/BT)„, of a,bout +2X10 4 CV/'K between 50 and
I00'K, a, very small temperature shift, " '4 and one of
opposite sign from that usually found. The half-width
of this peak is 0.112&0,005 cV at low temperatures'5
and seems to increase slightly with temperature to
80'K, above which half-width measurements become
difficult. The integrated area of the peak is constant
up to 80'K, but by 110'K it is down two orders of
Inagnitude. In this temperature region the exciting
light rapidly bleaches the absorption band.
The high-energy luminescence component ( 1.65
cV) ls of ullccltalll ollglll. Its peak exhibits Rrl Rp-
preciable shift to higher energy as the temperature
increases. This emission does not change appreciably
as the 3.0-cV absorption band is bleached, nor does it
appear in an undoped TlCl crystal. Attempts at
selective excitation of this band failed.
Attempts were Inade to measure the pressure shifts
of both the F-center absorption and emission peaks.
The absorption peak. shift with temperature or pressure
is dificult to obtain because the fundamental absorp-
tion edge overla. ps the absorption band and exhibits a
shift of its own. Hydrostatic pressures to 3.5 kbar were
obtained at 80'K using helium as the pressure Quid.
The pressure coefficient of the absorption peak energy
depends on the impurity used, as does the temperature
coefficient. ' (BE/BI') l in units of 10 ' eV/bar is
—9.2 and —7.4 for sulfur and selenium doping, respec-
tively. Both of these are red shifts instead of the usual
blue shift. ' Thc pl cssuI'c cocAlclcnt of thc cIQlsslon
peak is roughly zero, i.e., of magnitude less than
1X10 ' eV/bar, in the Se-doped crystal.
A search for an electron spin-resonance signal was
made at 78'K using several microwave power levels.
If, as Christy and Dimock suggest, ' F centers are
present along with monovalent chalcogen ions, there
should be a spin-resonance signal from each species,
unless they are sufficiently close to each other to couple
ln R spin singlet stRtc. No resonance wRs found, Rl-
though an unusual line breadth or spin-lattice relaxa-
tion time as well as a lack of paramagnetic centers
could have been responsible for this.
"K. Gebhardt and H. Kuhnert, Phys. Status Solidi 14, 157
i1966).
~4 D. %. Lynch and A. D. Brothers (unpublished).
15 Ke have subtracted half the bandpass of the monochromator
from the observed width.
"I.S. Jacobs, Phys. Rev. 93, 993 (1954).
~7 D. B. Fitchen, Ph.D. thesis, University of Illinois, 1962
iunpublished).
» K. G. Maisch and H. G. Drickamer, J. Phys. Chem. Solids
5, 328 (1958).
1 R. A. Kppler and H. G. Drickamer, J, Chem. Phys. 32, 1418
(1960).
DEFECT I N T1Cl
DISCUSSION TABLE I. Terms in Eq. (2) for the 3.0 eV band
in chalcogen-doped TlCl.
The emission peak is narrow and remarkably tem-
perature-independent. In alkali halides the F-center
and O.-center emission peaks at low temperatures are
usually broader than the corresponding absorption
peak. , while for T1Cl the reverse is true. Emission
half-widths usually increase with temperature as" ""
W(T) = W(0)Lcoth(isa&/2kT)$'Is,
Absorption
TlC1 S
TlC1: Se
EmlssloIl
T1C1: Se
+3.2b
+1.6b
—3.2
—2.5
~0
09
(sj-'/sT), (3~/E) (s~/B&) r' (s~/B&)v
(ail in units of 10 ' eV/'C)
or as a sum of such expressions each with diferent
values of Aai, a phonon energy, and W(0). The small
increase of I/I/" with T for this emission in TlC1 is
surprising because most lattice frequencies are lower
than those in alkali halides, giving rise to the expec-
tation of observable temperature dependence of W(T)
at temperatures as low as 20'K. If co is the angular
frequency of thc long-wRvclcngth longltudlnR1 optical
modes, determined from reststrahlen data" and the di-
electric constants, W should increase by 8% between 0
and f00'K. The observed increase in emission half-width
was 5% in this temperature range. The effective
phonon frequencies usually found for F- and O,-center
emission in alkali halides are considerably lower than
the long-wavelength I 0 mode frequency. "" The
effective phonon fI'cqucncy foI' F- and o.-center absoI'p-
tion is usually less than that for emission, but this
relationship is not founcl. for the 410 my band in T1C1.
By writing
B p BT g E BI
where E is the isothermal compressibility and o. the
linear isobaric thermal expansion coeKcient (3n is the
volume expansion coefFicient), one can decompose the
observed temperature shift of a transition into a term
due to thermal expansion only, the latter term, and a
term composed exclusively of lattice-vibration CGects.
For electronic transitions at a lattice defect it is not
known whether bulk values of n and X are appropriate,
but the ratio n/E should deviate less from bulk values
than rx and E separately. One must also assume that
bulk values are valid both for absorption and emission,
despite the possibility of considerable lattice relaxation
between these two events. ""All of the parameters in
this equation are nearly temperature-independent
above some characteristic temperature, roughly the De-
bye temperature. Below this temperature ts, (BE/BT)„,
and (BE/BT)„drop rapidly. We have chosen to evaluate
this equation at room temperature where all the parame-
ters are known, assuming (BE/BT)s determined around
80 K is equal to the room-temperature value. The
20 J.J. Markham, Rev. Mod. Phys. 31, 956 (1959}.
"T.Timusk, J. Phys. Chem. Solids 26, 849 (1965).
"Q. D. Jones, D. H. Martin, P. A. Mawer, and C. H. Perry,
Proc. Roy, Soc. (London) A261, 10 (1961).
~ W. B. Fowler, Phys. Rev. 135, A1725 (1964}.
24 R. F. Wood and H. W. Joy, Phys. Rev. 136, A451 (1964).
Using a =5.3 &10 sj'C and X =4.55 X10'~ cm~/dyne, respective1y.G. Jones and F. C. Jeien, J.Am. Chem. Soc. 57, 2532 (1935);D. L. Ahren-
berg, J.Opt. Soc. Am. 41, 215 (1951).
b From the difference peak energies at room temperature and about11O.K (Ret. 1~.
room-temperature value may actually be higher than
that used, for O~D is about 100'K.
Table l shows the terms in Eq. (2) for absorption
and emission. It is dificult to determine errors for
these quantities in other alkah halides, especially for
(BE/BT)„, which is the difference of two nearly equal
and uncertain quantities. For TlCl the errors in each
term are considerably larger. It seems safe to conclude
the following, however: In absorption, the temperature
coefficient of the peak arises primarily from thermal
expansion effects, and this expansion term has an
anomalous sign. The temperature shift by direct
interaction with lattice vibrations is small, in accord
with results on F centers in alkali halides"" For
emission, both CGects are very small. It is known that
for 8 centers in alkali halides, " (BE/BT)„ is not only
negative in emission but is about a factor of 8—10 larger
than observed for the 3.0-eV band in Tlcl. (BE/BT), is
expected to be negative. "
It is not possible to fit the data to a conagurational
coordinate model as in the extensive study of the a
center in KBr by Timusk, " or that of P centers by
Gebhardt and Kuhnert, ts for we cannot measure W(T)
in absorption, and emission data yield only that
for the frequency of lattice vibrations inter-
acting with the electron just before emission. Thus, we
can interpret only qualitative features of the data. We
first postulate that we are dealing with an F center of
some sort.
It should be possible to explain the magnitude and
anomalous sign of (BE/BI')r for F centers by use of a
microscopic model, One relates the CGect of pressure
to a geometry change about the defect by use of the
bulk compressibility or a more elaborate treatment of
the displacements of the ions about the vacancy. We
assume that an increase in pressure causes the neighbor-
ing ions to move in toward the vacancy in T1Cl, as well
as in alkali halides, a distance at least as large as the
bulk compressibility would indicate. We thus assume
"See Ref. 20. This statement assumes the second derivative of
the energy of the final state with respect to lattice coordinates,
8's/Sgp, is positive when evaluated at the initiai values at q, ,
or that positive terms dominate if this derivative is negative for
some g;.
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that the anomalous sign of (BE/BP) r for T1C1 does not
arise from a negative "F-center compressibility. "
Jacobs" pointed out that a simple square-well
potential could account qualitatively for the blue shifts
he observed for the F band in alkali halides under
pressure. A blue shift will always result if the product of
the well depth and the square of the radius decreases
with pressure. Since the well depth is largely deter-
mined by Coulomb interaction with the nearest
neighbors, a blue shift is to be expected, in disagree-
ment with the results for TlCl. Considerable improve-
ment on a square-well potential can be made by reducing
the well depth and adding a potential energy es/e—r
outside the square well, """where e is an effective
dielectric constant. The static dielectric constants of
alkali halides decrease considerably with pressure, "
tending to make (BE/BP) q negative. The static
dielectric constant of TlBr also decreases with pres-
sure, " and the same should hold true for TlCl. The
optical dielectric constants increase slightly with
pressure for several alkali halides. " We have made
calculations of P-center energy levels in such a potential,
using variational hydrogenic wave functions, letting
the well depth and radius, and the effective dielectric
constant vary with pressure. Because the effective
dielectric constant of TlC1 is between 32 and 5.1, the
Coulomb tail on the potential well is very weak. Even
for e= 10 the blue shift due to the square well dominates,
and only positive values of (BE/BP) r result, in-
dependent of (Be/BP) T for a range of reasonable values.
Christy and Dimock' pointed out the possibility
that the Il band in TlCl is split into two or three
components by spin-orbit coupling and dynamic
lattice distortions" as is the F band in cesium halides. ""
Other components, if present, would be hidden in the
fundamental absorption edge. Moran" has shown how
the splitting arises and shows that it can be tempera-
ture-dependent, having a component that varies as
[coth(ha&/2)'sT)]'". If the observed F band is the low-
energy component of such a composite, this component
should split further from the center of gravity of the
band, i.e., shift toward longer wavelengths, upon an
increase in temperature. This is not observed. If the
above description is valid, the center of gravity of the
band must have an "anomalous" positive (BE/BT)„
which is larger than the temperature coefficient of
the splitting.
~' J. H. Simpson, Proc. Roy, Soc. (London) A197, 269 (1949).
"j, A. Krumhansl and N. Schwartz, Phys. Rev. 89, 1154
(1953).
"D. V. Smith and G. Spinolo, Phys. Rev. 140, A2121 (1965).
"S. Mayberg, Phys. Rev. 79, 375 (1950).
~ A. J. Bosman and E. E. Havinga, Phys. Rev. 129, 1593
(1963).
' E. Burstein and P. L. Smith, Phys. Rev. 24, 229 (1948).
"P. R. Moran, Phys. Rev. 137, A1016 (1965).
"H. Rabin and J. H. Schulman, Phys. Rev. 125, 1584 (1962).
34 D. W. Lynch, Phys. Rev. 127, 1537 (1962).
"F. Hughes and H. Rabin, J. Phys. Chem. Solids 24, 586
(1963).
Finally, the very small increase in emission half-
width with temperature is difficult to explain on the
basis of an F-center model.
Turning to an o.-center interpretation, we can find
explanations for most of the above-mentioned peculiari-
ties. First of all, one expects (BE/BP)T and (BE/BT)~
to be roughly the same for exciton and o.-center absorp-
tion. (BE/BT)r is positive for the exciton peak" "
and for the band under discussion. ' (BE/BT) I arises
predominantly from thermal expansion and can be
calculated neglecting lattice vibrations. Such a calcu-
lation would have to take into account the dependence
of the exciton wave function on lattice parameter.
Thermal expansion around the vacancy may well be of
secondary importance.
There is now evidence" " that an exciton in an
alkali halide does not luminesce by direct electron-hole
recombination, but first forms a state described as an
electron bound to a Vs center, i.e. , to a (halogen)s-
molecule-ion. ""The electron then recombines with the
hole, emitting luminescence. T1Cl has the CsCl crystal
structure, whereas C12 centers have been studied
primarily in KC1. However, the electron spin resonance
of a hole center, tentatively believed to be the C12
center, has been observed4' in CsC1.4' In T1C1 the hole
of the exciton near a vacancy may form a C12 center
and interact primarily with the vibrations of the two
chlorine ions, while the electron may interact weakly
with the lattice. This would yield an emission with a
high characteristic phonon frequency and very slight
dependence of the peak energy on pressure, as observed.
The positive sign of (BE/BT)„ in emission might then
arise from the lack of validity of Eq. (2) with bulk
values of rr/E.
If C12 centers form as suggested, one would expect
other manifestations of them. The "intrinsic" lumi-
nescence of TlCl may be the peak at 2.65 eV with a low-
temperature half-width of about 0.21 eV reported by
Sokolov and Tolstoi" and Sokolov" for 365 mp exci-
tation. We have observed this peak upon x-ray exci-
tation of undoped TlCl. This peak disappears above
about 170'K.43 It is similar to the intrinsic luminescence
of alkali chlorides" and AgC1.4' (Sokolov and Tolstoi4'
"R.%. Wood, Solid State Commun. 4, 39 (1965).
~' R. B.Murray and F. J. Keller, Phys. Rev. 137, A942 (1965).
3 M. N. Kabler, Phys. Rev. 136, A1296 (1964).
"T. Castner and W. Kanzig, J. Phys. Chem. Solids 3, 178
(1957).
"C.$. Delbecq, B. Smaller, and P. H. Vuster, Phys. Rev. 111,
1235 (1958).
' F. Hughes and J. G. Allard, Phys. Rev. 125, 173 (1962).
4' Timusk (Ref. 21) has pointed out that one method of analyz-
ing the temperature dependence of the emission half-width of a
centers in KBr leads to two phonon frequencies, one within the
band of lattice frequencies and one above the highest-lattice
frequency. The latter, if real, he attributed to the vibration of a
Br9 molecule-ion.
4' V. A. Sokolov and N. A. Tolstoi, Opt. i Spektroskopiya 9,
421 (1960) [English transl. : Opt. Spectry (USSR) 9, 219 (1960)].
44 V. A. Sokolov, Opt. i Spektroskopiya 21, 98 (1966) /English
transl. : Opt. Spectry (USSR) 21, 53 (1966)].
4' G. C. Smith, Phys. Rev. 140, A221 (1965).
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also observed an emission band about 0.45 CV wide
at 1.68 CV in TlCl crystals that had "lost chlorine".
It is probably the same as the peak at higher energy
in Fig. 1 for T1Ci.) In KC1 the ground-state Cls-
centers cause an absorption band at 3.40 CV and another
band, 60 times weaker, at 1.65 ev.'o The Cl2 centers
are stable below about 110'K and can be produced by
ionizing radiation below this temperature. Christy and
Dimock' x rayed TlCl at about 100'K and found no
absorption bands. AssuIning stable Cl2 might have
been produced, the strong Cl2 absorption might have
been hidden under the fundamental absorption edge,
Rnd the weak transition too weak to see. An attempt
to produce Cl2 centers by ionizing radiation in pure
ar d doped TlCl at liquid-helium temperature would bc
wol thwhllc.
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Thermal Conductivity in Mixed Alkali Halides: KC1:Li and KBr:Lit
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Phonon lesonances have beeIi observed in both KCl.Li and KBI.Li through measurements of the low-
temperature thermal conductivity between 0.05 and 100'K. Their frequencies are 1.2 and 63 cm in KCl,
and 3.2 and 39 cm ' in K&r. Static electric 6elds are used to change the low-frequency resonances and to
help in their identification. The 1.2—cm ' resonance in KCl is ascribed to the tunneling motion of the Li+,
very sjmilar to the tunneling of CX observed earlier. The frequency dependence of the relaxation rate
associated with this resonance is best described with a Lorentzian resonance denominator of the form
co'/(coo' —co')', which varies as cv at low frequencies, in disagreement with existing theories. The 3.2-cm-i
resonance in Kgr js ascribed to an oscillation involving the motion of the Li+ plus its six nearest-neighbor
Br ions. It is speculated that this LiBr6 molecule ion has a central instability. The high-frequency reso-
nances are attributed to impurity modes involving the oscillations of the ions surrounding the Li+. The
39-cm i resonance in KBr does not show an isotope effect. It is not possible to describe the resonant scattering
by these high-frequency resonances with the existing theory of elastic scattering, The phonon-defect re-
laxation rate must contain a temperature dependence. It is believed that inelastic three-quantum processes
are important in these two systems.
I. INTRODUCTION
' FOREIGN atoms in solid solution change the lattice
vibrational spectrum and, give rise to resonances.
They can manifest themselves through phonon resonant
scattering, and this has been observed in thermal
conductivity. ' ' In the course of a systematic investi-
gation of this phenomenon we have observed particu-
larly strong resonant scattering in lithium-doped, KCl
t This research was mainly supported by the U. S. Atomic
Energy Commission. Additional support was received through
the Advanced Research Projects Agency by use of the space and
technical facilities of the Materials Science Center.
* Present address: Physikalisches Institut, Technische Hochs-
chule, Karlsruhe, Germany.
$ Present address: Department of Physics, University of
Illinois, Urbana, Illinois.
' C. T. Walker and R. O. Pohl, Phys. Rev. 131, 1433 (1963).
2 C. M. Wagner, Phys, Rev. 131, 1443 (1963).
' R. F. Caldwell and M. V. Klein, Phys. Rev. (to be published);
J. W. Sehwartz and C. T. Walker, Phys. Rev. 155, 959 (1967);
R. O. Pohl, NATO Advanced Study Institute, Cortina O'Ampezzo,
Italy, 1966, p. VIII. 1 (unpublished). These papers contain in-
troductions to the field of point-defect scattering in thermal
conductivity and list many references.
and K.Br. Because of the considerable attention which
these systems have I'ccclvcd 1Rtcly, lt RppcRrs deslrablc
to present here a summary of our results to date,
although many of the details connected with these
IcsonRIlccs RI'c still unclear.
For the measurements of the thermal conductivity
with the steady-state method, three cryostats werc
used. The cryostat for the temperature interval between
1 and 100'K, with He' as refrigerant, has been described.
before4 and, is basically identical to the one originally
designed in this laboratory. 5 The temperature range
between 0.3 and O'K was covered with a conventional
He' cryostat. Its design and also the experiment@1
procedure of measuring thermal conductivity used over
the entire temperature range covered in this investi-
' W. S. Williams, Phys. Rev. 119, 1021 (1960)
' G. A. Slack, Phys. Rev. 105, 832 (1957).
